Our previous studies on the fruit body lectin of Pleurotus cornucopiae revealed the existence of three isolectins, composed of two homodimers and one heterodimer of 16-and 15-kDa subunits. In this study, two genes encoding the lectins were cloned and characterized. Both genes encoded 144 amino acids and only 5 amino acids were diŠerent within the coding region, but the nucleotide sequences of the 5?-upstream and 3?-downstream regions diŠered extensively. Southern hybridization with gene-speciˆc probes showed that one gene encoded the 16-kDa and the other encoded the 15-kDa subunit. Functional lectins were synthesized in Escherichia coli under the direction of these genes. On SDS-PAGE, the recombinant lectins showed the same banding patterns as the native lectins. In amino acid sequence, these lectins showed extensive similarity with the lectin from a nematode-trapping ascomycete fungus, Arthrobotrys oligospora, suggesting that the lectins might also function in capturing nematodes.
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Lectins are proteins or glycoproteins that bind carbohydrates speciˆcally and reversibly. While lectins have been found in various organisms including fungi, 1, 2) and are widely used as reagents, little is known about the in vivo functions of lectins in the organisms that produce them. The carbohydrate moieties of glycoproteins and glycolipids on animal cells have been shown to be involved in a variety of biological recognition processes including cell-cell and cell-substratum interactions.
3) Some plant lectins such as wheat germ agglutinin have been reported to play roles in self-defense against fungi or weevils. 4, 5) We have found two kinds of lectins expressed in Pleurotus cornucopiae in a developmental stagespeciˆc manner, one in fruit bodies (named PCL-F) and the other in mycelial aggregates (PCL-M). [6] [7] [8] PCL-F was composed of three isolectins, two homodimers and a heterodimer, which were made up of combinations of two subunits of 16 and 15 kDa. 8) In this study, we cloned two genes of PCL-F, and found that one encoded the 16-kDa and the other the 15-kDa subunit. As in its primary structure PCL-F was similar to A. oligospora lectin (AOL), a product of a nematode-trapping fungus, 9) PCL-F might also function in capturing nematodes.
Materials and Methods
Organisms. Pleurotus cornucopiae ATCC 201045 formerly known as strain KC-1, [6] [7] [8] was used. Dikaryotic mycelia of the strain were maintained on an agar slant of MYPD (0.6 g of malt extract, 0.4 g of yeast extract, 0.4 g of peptone, and 0.4 g of dextrose per liter) medium. 6) Preparation and sequencing of peptides from the 16-kDa subunit. The 16-kDa subunit of PCL-F was prepared as described previously. 8) Peptides from the 16-kDa subunit were prepared as reported before. 7) For CNBr cleavage, the 16-kDa subunit protein was dissolved in 70z tri‰uoroacetic acid containing 50 mole-equivalents of CNBr to the protein, and incubated at 159 C for 20 h. For lysyl endopeptidase digestion, the protein was dissolved in 20 mM TrisHCl, pH 9.0, containing 4 M urea and incubated with the enzyme at 309 C for 20 h. For protease V8 digestion, the protein was dissolved in 0.05 M Na-acetate, pH 4.0, and incubated at 379 C for 6 h. Proteases were purchased from Wako Pure Chemicals, Japan, and CNBr was purchased from Sigma. Peptides were puriˆed by reverse-phase HPLC on a column of TSK Phenyl 5PW RP (Tosoh, Japan) with a gradient of acetonitrile in 0.1z tri‰uoroacetic acid. Automated sequencing was done in a pulsed liquid-phase protein sequencer (Shimadzu, Model PMQ10).
Preparation of DNA. Organisms were grown in the liquid MYPD medium at 259 C with shaking. DNA was extracted from the lyophilized and powdered cells with the buŠer used by Zolan and Pukkila. 10) DNA was puriˆed by repetitive treatment with RNase A, proteinase K, and phenol-chloroform extraction.
Cloning and sequencing of PCL-F genes. From the amino acid sequence information, a mixed forward primer (sequence 5?-AATCCNAAYGCNTTYT-TYMG-3?, deduced from residues 13 N to 19 R) and a reverse primer (5?-GTNGTNACHATYTCNAC-3?, deduced from residues 78 V to 83 G) for PCR were prepared using EX-Taq (Takara Shuzo, Japan), and a PCR product of 212 bp corresponding to residues 13 N to 83 G was obtained. Within this fragment, primers FS-1 (5?-GTCGAGCAAGGTGTCTGGCACTAT-GCCAAC-3?, corresponding to residues 21 V to 30 N) and FS-2 (5?-ATGCTTCGCTTCATGACGGAG-CAAGGCAAG-3?, corresponding to residues 53 M to 62 K) were prepared. For cloning the C-terminal part of the PCL-F gene, PCR was done using FS-1 primer and puriˆed DNA digested by EcoRI or Sal I (Nippon Gene, Japan), ligated with a cassette in the Takara in vitro cloning kit. The PCR product of 0.6-or 0.7-kbp was obtained using the EcoRI or Sal I-cassette. After the sequencing of the PCR products, new primers RS-1 (5?-GGTGGAGACGAAGATCAAG-AC-3? corresponding to the 0.6-kbp product) and RS-2 (5?-GGCGGATTATGTGATAGC-3? corresponding to the 0.7-kbp product) were prepared. Using RS-1 or RS-2 primer and the EcoRI or HindIIIcassette, two products of the full-length PCL-F genes, 0.7-and 1.7-kbp, were obtained. DNA sequencing was done on single-stranded M13mp18 W 19 templates using the dideoxy nucleotide chain-termination method.
11)
Southern hybridization. DNA samples (15 mg) were digested with restriction enzymes according to the manufacturer's instructions (Nippon Gene). The digest was resolved by electrophoresis on a 0.8z agarose gel. For hybridization, DNA fragments were transferred to a membraneˆlter and hybridized with the probes which were prepared by PCR ampliˆca-tion, and ‰uorescein-labeled with an ECL random prime labeling kit (Amersham-Pharmacia Biotech). Three probes were used; the probe common to the two genes (nucleotide "42 to 484 in Fig. 1 ), the gene F1-speciˆc probe (nucleotide 448 to 693), and the gene F2-speciˆc probe (nucleotide 531 to 844).
Expression in E. coli. Bacterial expression of the PCL-F genes in Escherichia coli, and puriˆcation of GST (glutathione S-transferase)-fused proteins were done according to the manufacturer's instructions (Amersham-Pharmacia Biotech). The lectin gene, pcl F1 or pcl F2, was ligated into the vector pGEX, introduced into E. coli, and induced by the addition of isopropylthiogalactoside. Products were put on a GST-column (GSTrap FF, Amersham-Pharmacia Biotech), treated with thrombin, and resolved by SDS-PAGE.
Electrophoresis and staining. SDS-PAGE was done on 15z gel in the presence of 2-mercaptoethanol (2-ME) as reported. 11) After each run, protein bands were stained with Coomassie brilliant blue R-250 (Merck). SDS-PAGE Standards (Bio-Rad) and the Peptide Marker (Daiichi Phamacetucal) were used as size standards. The preparation of anti-PCL-F serum and the immunoblotting were done as reported. 8) Hemagglutination assay. The lectin activity was titrated by serially diluting the sample (20 ml) with phosphate-buŠered saline (PBS: 8 mM Na 2 HPO 4 , 1.5 mM KH2PO4, 137 mM NaCl, and 2.7 mM KCl, pH 7.2), and then mixing it with an equal volume of a 2z suspension of rabbit erythrocytes. 12) For an inhibition assay, lectin solution (titer 8) was incubated with porcine stomach mucin (PSM: Wako Pure Chemicals) before adding the erythrocytes.
Results
Partial amino acid sequence of PCL-F PCL-F is known to be composed of three isolectins, and since the most abundant component is a homodimer of the 16-kDa subunit, 8) the amino acid sequence was studied using this protein. As the subunit has a blocked N-terminus, its N-terminal sequence could not be analyzed. Internal peptides generated by cleavage with CNBr (C-peptides), lysyl endopeptidase (K-peptides) or protease V8 (V-peptides) were isolated, and the partial or complete sequence of peptide C-1 ( L deduced from the nucleotide sequence of a PCR product. Consequently, the sequence of 112 amino acid residues (from 7 V to 118 L) out of 144 of the 16-kDa subunit was determined (line 16 kDa, in Fig. 1 ). 
Cloning and sequencing of two PCL-F genes

Two Genes for P. cornucopiae Fruit Body Lectin
Using the genomic DNA of P. cornucopiae as a template, the commercial in vitro cloning kit, and the internal primers (FS-1, FS-2, RS-1 and RS-2), two genes of the lectin, named pcl F1 and pcl F2, were Genomic DNA (5 mg) of P. cornucopiae was digested with BamHI (lanes 1 and 3 to 5) or XbaI (lanes 2 and 6 to 8), and resolved by electrophoresis on 0.8z agarose gel. Lanes 1 and 2 were stained with ethidium bromide. Southern hybridization was done with a common probe (nucleotide "42 to 484 in Fig.  1 ) for lanes 3 and 6, pcl F1-speciˆc probe (448 to 693) for lanes 4 and 7, and pcl F2-speciˆc probe (531 to 844) for lanes 5 and 8. Fig. 3 . Expression of the PCL-F Genes in E. coli.
Crude extract of E. coli containing the expression product directed under the gene pcl F1 or pcl F2 was put on a GSTcolumn. The column was treated with thrombin, and then the eluate was resolved by SDS-PAGE. A. Proteins were stained with Coomassie brilliant blue. B. The proteins were transferred to a membrane, immunoblotted with anti-PCL-F serum and made visible with alkaline phosphatase. Lane 1, products directed by pcl F1, lane 2, by pcl F2, and lane 3, a mixture of products by pcl F1 and pcl F2. Lanes M1 and M2 were marker proteins. Arrow head a; GST-fused PCL-F1 or PCL-F2, b; thrombin, c; GST, d; cleaved PCL-F1, and e; cleaved PCL-F2. Fig. 1) . At theseˆve positions, the amino acids of the 16-kDa subunit matched completely with those of pcl F1, suggesting that pcl F1 encodes the 16-kDa subunit.
Comparing the amino acid sequence of the 16-kDa subunit with that deduced from pcl F1, it was suggested that no intron existed in the coding region, and the protein did not have a signal sequence. A sequence similar to the consensus of the promoter, 13) was found at "130 to "135 (TATAAA) in pcl F1, and at "117 to "122 (TATACC) in pcl F2.
Southern hybridization
Southern hybridization with the probe designed from the coding region revealed the presence of two copies of the pcl F gene in the genome of P. cornucopiae (Fig. 2, lanes 3 and 6) . Since the nucleotide sequences of the pcl F genes at the 3?-end were quite diŠerent, gene-speciˆc probes were prepared from each sequence in this region. Results showed that the pcl F1-speciˆc-probe reacted only with the lower band (lanes 4 and 7) , and the pcl F2-speciˆc-probe only with the upper band (lanes 5 and 8), indicating that pcl F1 encoded the 16-kDa subunit, and pcl F2 the 15-kDa subunit.
Expression of functional lectins in E. coli As shown in Fig. 3A , when a vector bearing the pcl F gene was introduced into E. coli, the genedirected product was expressed as a GST-fused protein (indicated by an arrowhead in a). Upon digestion of the GST-fused products by thrombin, proteins having a molecular mass of about 16 or 15 kDa were obtained (indicated by an arrowhead in d or e). The former was produced under the direction of pcl F1, and the latter under the direction of pcl F2, which cross-reacted with anti-PCL-F serum (Fig. 3B) , as did the native lectin subunits, the molecular masses of which were 16 and 15 kDa. 8) These results indicated that the two subunits of PCL-F were the products of diŠerent genes, and not the result of a post-translational modiˆcation of the same gene product. Although the two gene products were clearly separated on SDS-PAGE, the molecular weights calculated from the amino acid composition were 16,197 and 16,110, respectively. As shown in Fig. 4 , the lectins synthesized in E. coli showed hemagglutinating activity, regardless of the presence of a GST-tag. The recombinant lectin was inhibited in its activity by PSM, as was the native PCL-F. The speciˆc activity of the cleaved lectins were almost the same as the native PCL-F (data not shown).
Sequence similarity with other lectins When the amino acid sequence of PCL-F was compared with the sequences of other lectins, extensive similarity with AOL, a lectin produced by Arthrobotrys oligospora, a nematode-trapping ascomycete fungus, 9) was found (Fig. 5) . The homology between PCL-F1 and F2 was 97z, and that between PCL-F1 and AOL was 69z. Since AOL has been reported to function in capturing nematodes, 14) and P. cornucopiae has been described as a nematophagous fungus, 15) it is quite likely that PCL-F also is involved in capturing nematodes.
Discussion
Although the overall nucleotide sequence in the 5?-upstream region diŠered between pcl F1 and pcl F2, the sequence from "1 to "66 was relatively similar between the two. It was reported that although no intron existed in the coding region of the AOL gene, an intron of 83 bp was present adjacent to the initiation Met.
9) Therefore the 66-bp sequence adjacent to the initiation Met in the pcl F gene might also be an intron. Consensus nucleotides on the border of the intron W exon were present in the sequence. The amino acid and nucleotide sequences of PCL-F showed that this lectin had no signal sequence like the AOL gene. In the fruit body of P. cornucopiae, the 16-kDa subunit has been known to be more abundant than the 15-kDa subunit. 8) One explanation for this is that since the promoter sequence of pcl F1 is more similar to the consensus sequence than is that of pcl F2, the rate of expression is higher for pcl F1 than pcl F2.
We reported here that in primary structure, PCL-F was very similar to the lectin of a nematode-trapping fungus, A. oligospora. The sequence also showed signiˆcant similarity with that of ABL, a lectin of Agaricus bisporus.
16) The homology between PCL-F1 and ABL was 46z, and that between AOL and ABL was 39z. Although the producers of PCL-Fs and ABL are Basidiomycetes, and the producer of AOL is an Ascomycete, these lectin genes may originate from the same ancestral gene.
We have reported that P. cornucopiae strain KC-1 produced two kinds of lectins, PCL-F and PCL-M, in a developmental stage-speciˆc manner. 7, 8) PCL-F was synthesized in the fruit body, whereas PCL-M was synthesized only in solid-grown mycelia just prior to the formation of fruit bodies. These two lectins diŠered biochemically and immunochemically. PCL-M is speculated to function in the process of fruit body formation, 7) whereas PCL-F may act in capturing nematodes for defense or as a supply of nitrogen. In other words, PCL-M works within the organism, while PCL-F works against other organisms. One of the authors has proposed a new classiˆ-cation of lectins based on function. 17) One class, designated``foreign lectins'', act against non-self organisms, mainly in self-defense. The other class, designated``domestic lectins'', work within the organism, for example, in the process of morphogenesis and cell diŠerentiation. Here we propose that PCL-F is classiˆed as a foreign lectin and PCL-M as a domestic lectin.
